Abstract-A variable frequency transformer (VFT) is being considered as a new alternative to the classical back-to-back high voltage direct current (HVDC) link for interconnection of two asynchronous networks. The VFT is a retrospective form of frequency converter using the wound rotor induction machine (WRIM), which converts the constant frequency input into a variable frequency output. The prime objective of VFT is to achieve controlled bidirectional power transfer between the two asynchronous networks. This paper presents a detailed working principle of VFT technology and proposes a new hierarchical control strategy for establishing the VFT connection with two power systems to achieve bidirectional power transfer between them. Also, to restrict the grid fault propagation from one side of the VFT to the other side, a series dynamic braking resistor based fault ride-through (FRT) scheme is proposed. The performance of the VFT during the synchronization process, steady-state, dynamic, and the grid fault conditions is evaluated using the real-time hardware in-loop (HIL) system. The plant is simulated in real time using OPAL-RT real-time simulator while the control algorithm is implemented in digital signal processor to carry out HIL study. All the important results supporting the effectiveness of the proposed control strategy and FRT scheme are discussed.
I. INTRODUCTION

I
N GENERAL, the interconnection of two different power networks with controlled power transfer capability can be achieved by a synchronous tie using a phase-shifting transformer or by an asynchronous tie using classical back-toback high voltage direct current (HVDC) link. In the modern power systems, establishing a synchronous tie between two power networks would be a challenging task especially when one or both of the networks experience a slight variation in their frequencies [1] . Moreover, the use of phase-shifting transformers in synchronous ties suffers from the drawbacks such as slow and step-wise controls [2] . This further causes wear and tear of tap changer contacts. Although, the use of power electronic controlled phase-shifting transformer can eliminate these drawbacks, they introduce additional problems such as harmonics, resonance, vulnerability to voltage surges, and reduced overloading capability due to their low thermal time constant [2] , [3] . On the other hand, a back-to-back HVDC link can be established between any two power networks to achieve the controlled power flow between them. A line commutated converter (LCC)-based HVDC link suffers with the bottlenecks such as large reactive power requirements, lower thermal time constant, and lack of inertia for natural damping. Whereas, the voltage source converter (VSC)-based HVDC link can control the reactive power unlike LCC-based HVDC link. But, the inertia contribution and frequency response are still challenges for HVDC technologies. Alternatively, the use of variable frequency transformer (VFT) for asynchronous interconnection can improve the system inertia and frequency control.
The VFT was first proposed by General Electric Company in 2004 to achieve the interconnection of two different power networks [2] . A VFT is a controllable bidirectional power transfer device between two asynchronous power networks that consists of a wound rotor induction machine (WRIM) and a dc motor drive [2] . The presence of rotating mass (of both WRIM and dc motor) adds inertia to the power systems and thereby improves the stability during system disturbances. The VFT offers significant benefits over the widely installed LCC-HVDC link [4] - [6] , mainly, lower reactive power requirements, harmonicfree power transfer, and higher system stability.
Basic concept and design aspects of 100 MW VFT is presented in [2] . The performance of VFT during steady-state, dynamic, and transient conditions is evaluated using simulation studies in [7] - [12] . In [13] , the offshore wind park is connected to the grid through VFT to reduce the power fluctuations using the proportional-integral-differential (PID) damping torque controller of the dc motor drive. Moreover, the use of brushless doubly fed induction machine (BDFIM) with squirrel cage rotor as alternative VFT configuration is reported in [6] . In which, the dual stator winding with different pole numbers with a ratio of 1:3 is used to avoid space harmonics concerns. The operating performance and maintenance of VFT is discussed in [15] and [16] .
The steady-state analysis of the VFT is well established in the literature [2] - [12] , but the problem of fault propagation and the fault ride-through (FRT) enhancement is not addressed so far. As fault propagation is a critical issue that affects power system reliability and security, the FRT protection schemes should be deployed in the VFT. In addition to that, the detailed control strategy for VFT is not presented in the literature. This paper presents a detailed hierarchical control strategy for the VFT to achieve the following functions: establish a connection between two power systems, power transfer control, and FRT operation. Furthermore, a new topology of VFT comprising a series dynamic braking resistor (SDBR) is proposed to enhance the FRT capability. A number of states are defined for VFT operation to effectively connect it, operate it in steady state, and protect it during the grid faults. The proposed control strategy and VFT configuration are validated using real-time hardware in-loop (HIL) simulation. The plant is simulated in real time using OPAL-RT real-time simulator while the control algorithm is implemented in dSPACE-1103 to carry out HIL study. Fig. 1 shows the VFT system configuration that consists of a WRIM mechanically coupled with a dc motor drive. The three-phase stator and rotor windings of WRIM are connected to two asynchronous power networks namely power network-I (PN-I) and power network-II (PN-II) as illustrated in Fig. 1 . The frequencies and/or phase angles of both PN-I (f s and θ s ) and PN-II (f m and θ m ) could be different in actual application.
II. VARIABLE FREQUENCY TRANSFORMER
To connect a stationary VFT to the PN-I and PN-II simultaneously, the frequencies (f s and f m ) and phase angles (θ s and θ m ) should be identical. It is difficult to achieve this condition in a practical system. Therefore, the following approach is deployed with the VFT to make this asynchronous interconnection.
1) Connect the PN-I directly to the stator side of the VFT (by closing circuit breaker CB1) while keeping the rotor stationary and circuit breaker CB2 open. 2) Measure the frequency f r and phase angle θ r of the voltage induced in the rotor windings (v r,abc ) at the terminals of CB2 (when the rotor is stationary, f r = f s and θ r = θ s ). 3) Measure the frequency f m and phase angle θ m of PN-II voltage (v m ,abc ) available on the other side of CB2. 4) Control the rotor speed to change f r by using the dc motor drive to achieve f r = f m . 5) Adjust the rotor position (θ r ) using the dc motor drive to make θ r = θ m . 6) The synchronization between voltages v r,abc and v m ,abc is achieved by steps 4 and 5, then the CB2 can be closed to establish the interconnection between both networks through VFT. Here onwards, the points 4 and 5 are referred as frequency matching and phase angle matching, respectively. A control algorithm required to control the dc motor drive in VFT is developed in Section V.
III. VFT CONCEPT AND POWER FLOW
Based on the existing literature, the working principle and the active and reactive power flow through the VFT have not been discussed in detail. In addition to that, FRT operation and protection strategy have not been addressed. Hence, the detailed VFT model is developed to study all the operational aspects for steady-state, dynamic, and transient conditions.
A. Active Power Transfer and Control
The synchronization procedure described in the previous section is used to connect both power networks in Fig. 1 . Consequently, both the stator and rotor fluxes will be in synchronism irrespective of the rotor speed with a specific phase angle difference represented as load angle (δ). The controllability of this load angle δ and its effect on active power transfer between both networks is analyzed in this subsection.
The stator and rotor voltage vectors and the respective flux vectors referred to stator are shown in Fig. 2 . The instantaneous stator flux (ψ s ), air-gap flux (ψ m ) and rotor flux (ψ r ) vectors in the stationary reference frame can be expressed as
where L s , L r , and L m represent the equivalent stator, rotor, and mutual inductances referred to stator side; i s and i r are the stator and rotor currents, respectively. ε is the angular displacement between the stator and rotor fluxes and ω r is the angular (mechanical) speed of the rotor.
From Fig. 2 and (1)- (3), the expression for the electromagnetic torque (T e ) can be obtained as [14] 
The aforementioned relationship shows that the electromagnetic torque developed is a cross product of stator and rotor fluxes, i.e., the product of magnitudes of ψ s , ψ r , and the sine of the angle δ between the two fluxes. On the other hand, general expression for the developed electromagnetic torque in any reference frame (d-q or ∝-β) can be written as
where k is the torque constant, and i q is component of current vector in quadrature with ψ m . Here, the quadrature component of current refers to stator/rotor current as the angle between ψ m and ψ s or ψ m and ψ r is very small. From the basic integral relation between the flux and voltage, a current that is in quadrature with the flux is in-phase or out-of-phase with the voltage and hence responsible for active power flow. In general, the VFT is connected between the two power systems whose voltages are fairly constant and hence the magnitudes of ψ s , ψ r , and ψ m can be treated as constants. Therefore, from (4) and (5) it can be deduced that the torque developed/imposed on the rotor is proportional to Sin δ and active component of stator/rotor current. If the displacement angle ε in Fig. 2 is changed by applying external torque through the dc motor drive, the angle δ and hence electromagnetic torque developed in the WRIM will change according to (4) . Consequently, it changes the active current (i q ) as per (5) . It can be observed that the active current variation is in proportion to δ (as the δ is very small, Sin δ ≈ δ), which is analogous to a series inductor behavior. The generalized active power flow through the series inductor is expressed by
Therefore, for the case of VFT, considering a stator to rotor turns ratio of 1:1, and neglecting the losses in the system, the active power transfer (P VFT ) in terms of the stator and rotor voltages, from Fig. 2 , can be written as
where V s and θ s are the rms stator voltage and its phase angle, respectively; V r and θ r are the rms rotor voltage and its phase angle, respectively; and X s is the series equivalent inductive reactance offered by the VFT. The term ε in (7) is the time integral of ω r to be controlled by the dc motor drive. By neglecting the leakage reactance and magnetizing current (i.e., power factors close to unity) of the VFT [2] , the mechanical power handled by the dc motor drive can be expressed as
where I s and I r are the rms values of the active component of stator and rotor currents, respectively. Considering volt/hertz/turn and MMF balance between the stator and rotor windings of the VFT, the above expression can be rewritten as [2] where N s and N r are the number of turns in the stator and rotor windings of VFT, respectively. From (9), it is clear that the power absorbed by the dc motor drive is a function of frequency difference between both the power networks and the power being transferred through the VFT. Also, from (9), the torque expression for the dc motor can be written as
where p is number of poles in the WRIM. From (10), it can be noticed that the torque developed by the dc motor drive is independent of speed of rotation. Assuming the constant stator voltage in (10) , it can be noticed that by changing the torque applied through dc motor drive, the stator active current (I S ) can be changed. This proves the correlation between torque applied by dc motor drive and active current transferred through VFT according to (5) . A simple armature voltage controlled four quadrant dc drive can be employed to regulate the torque produced by the dc motor and thereby active power transfer.
B. Reactive Power Transfer
Stator and rotor reactive currents (i sd and i rd ) of the VFT may consists of two components: 1) the magnetizing current required for VFT operation (i m ); and 2) the reactive current transferred between the two networks. The amount of reactive current supplied/absorbed by each network is dependent on the voltage magnitudes at the stator (PCC-I) and rotor (PCC-II) terminals. Regardless of slight difference in grid voltages on both sides, the VFT maintains the volt/hertz/turn balance between induced stator (v s ) and rotor (v r ) voltages by circulating the appropriate amount of reactive current between both the networks.
Two different cases are demonstrated to show the reactive power flow dependency on the voltage magnitudes on both sides of the VFT as illustrated in Fig. 3 . The stator and rotor resistances are neglected and it is assumed that the active current transferred between the stator and rotor is constant (i sq = −i rq ) throughout the operation. Fig. 3(a) Fig. 3(a) , the stator voltage magnitude is considered such that whole magnetizing current (i m ) required for VFT operation comes from the stator (i.e., i m = i sd and i rd = 0). Thus, further increase in the stator voltage magnitude leads to i sd higher than i m , that makes i rd = −(i sd − i m ) which is the net reactive current transferred from PN-I to PN-II through VFT. Accordingly, any reduction in stator voltage magnitude drives the stator and rotor sides to supply the required magnetizing current i m for VFT operation.
The vector diagram corresponding to the case where full magnetizing current is drawn from the rotor side due to higher rotor voltage is shown in Fig. 3(b) . Similar to the aforementioned case, any further increase in the rotor voltage in Fig. 3(b) leads to reactive power flow from PN-II to PN-I.
It is obvious that the reactive power flow into/through the VFT is uncontrolled and is mostly dependent on the terminal voltage magnitudes of v s and v r . The VFT requires a fixed amount of reactive power to meet the constant magnetization demand regardless of the amount and/or direction of active power transfer. The stator and rotor currents through VFT can be obtained from the steady-state equivalent circuit for particular voltage conditions and reactive powers can be computed as
For the power flow directions shown in Fig. 1 , the reactive power absorbed by VFT (Q m ) at any operating condition is the difference between stator and rotor reactive powers, i.e.,
IV. SDBR PROTECTION SCHEME FOR VFT As discussed in the previous section, during steady-state operation, the VFT is analogous to a series inductor. Therefore, during a voltage dip resulting from the grid fault in one of the power networks, the other network is forced to supply a large fault currents. This indicates the propagation of a fault from the faulted network to the healthy power network through the VFT. This fault propagation phenomenon associated with a VFT has not been discussed in the literature. To demonstrate the problems associated with fault propagation, a fault condition is considered at PN-II as shown in Fig. 1 . This grid fault (or voltage dip) has the following consequences unless appropriate protective measures are taken:
1) large fault currents from the stator side; 2) temporary disconnection of VFT due to CB1 opening; 3) oscillations/instability in PN-I due to system dynamics; 4) slow post fault recovery due to VFT disconnection; 5) possible requirement of VFT resynchronization; 6) damage to VFT windings in the event of protection failure. This paper introduces an appropriate FRT scheme within the VFT system using SDBR to overcome the issue of fault propagation as shown in Fig. 4 . The SDBR protection scheme is 
A. Series Resistance Selection
According to the design criteria, the SDBR should limit the fault current by acting as a voltage booster against the voltage dip in PN-II at the rotor terminals and protect the healthy network (PN-I) connected to the stator terminal. To be able to work with various levels of grid faults (based on magnitudes of voltage dip), the SDBR should have different combination of resistors. The SDBR with n resistors can realize (2 n − 1) combinations of resistances. The maximum and minimum possible resistance values of SDBR should be selected based on the following two scenarios.
1) Voltage Dip Operation:
During the most severe grid fault, the voltage appearing on the rotor terminals should be higher than the minimum allowable rotor voltage (V r min ). The maximum value of series resistance (R SDBR max = R 1 + R 2 + . . . + R n ) required to achieve this during the worst case voltage dip can be calculated using the following:
where V fault min is the lowest possible grid voltage (at PCC-II) during the grid fault on PN-II, P rated is the rated power transfer capability of VFT, and k is safety margin (>1) to take care of the lagging power factor.
2) Overvoltage Protection:
The designed SDBR should not cause overvoltage across the rotor terminals in any case such as small voltage dips. The minimum value of series resistance (R SDBR min ) that prevents the rotor overvoltage can be computed from the following equation:
where V fault max is the grid voltage (at PCC-II) during the minor voltage dip that can trigger the SDBR. For the present case of SDBR with three resistances, the value of different resistors can be calculated from the maximum and minimum values of SDBR resistances obtained through (14) and (15) as follows:
B. Static AC Switch Selection
Three SDBR resistors can be inserted into the circuit by controlling the static ac switches Sw 1 , Sw 2 , and Sw 3 , respectively. Three ac switches are required for switching the resistors (R 1 , R 2 , and R 3 ) in each phase as per Fig. 4 . Therefore, a total of nine resistors (R 1 , R 2 , and R 3 for each phase) and nine ac switches are deployed to realize the SDBR protection scheme.
The current rating of ac switches in SDBR scheme should be equal to the rated VFT current as they remain closed during the steady-state operation. And, the voltage rating of the switches should be equal to the product of rated VFT current and corresponding resistor value. It is worthy to note that the switching losses are absent (as switches are always closed) during steadystate operation and therefore, the switches with low conduction losses are preferred for this SDBR scheme.
The ac switches can be realized using either antiparallel thyristors (low cost) or antiseries IGBTs (high cost). The choice of the switch depends on the speed requirement of resistor insertion during the fault. The antiparallel thyristor switch has a maximum of half cycle delay in operation as it breaks the current at next zero crossing while, antiseries IGBT switch can break the current instantaneously.
The WRIM in the VFT system possesses large thermal time constant and can easily handle the current surge resulted from the delay in ac switch opening. Therefore, the low cost antiparallel thyristor switches are used as ac switches in SDBR protection scheme.
V. PROPOSED HIERARCHICAL CONTROL STRATEGY
This section describes the overall control of VFT and SDBR. The dc motor drive is the only controllable device in a VFT system that can regulate the power flow between two power networks. However, as highlighted in the previous section SDBR is an additional controllable device for the restriction of fault propagation. A comprehensive hierarchical strategy, with all the necessary controls, is proposed in three operational stages.
When the stator is directly connected to PN-I and circuit breaker CB2 is open, the dc motor drive is to be controlled to achieve the frequency matching (f r = f m ) and phase angle matching (θ r = θ m ). This part of control is realized in first two stages (Stage-I and Stage-II) of the proposed hierarchical control. Once the connection is established between both the power networks through VFT, the power transfer control is carried out in Stage-III.
The control block diagram depicting these three stages of the proposed hierarchical control is shown in Fig. 5 . A four-quadrant armature voltage control method is employed for dc drive in the proposed hierarchical control. The changeover from one stage to another is realized using the states S 1 , S 2 , and S 3 as illustrated in Fig. 5 with the predefined hierarchy depicted in Fig. 6 . The control of the SDBR protection scheme is also incorporated in the flow chart of Fig. 6 . The objective and control of the VFT in each stage of hierarchical control is discussed in the following subsections.
A. Stage-I: Frequency Matching
Initially when the stator of WRIM is connected to PN-I, the rotor is stationary and CB2 is open, the command S 1 = 1 is issued to start the frequency matching stage. At this condition the frequency of rotor voltage f r has to be changed from f r = f s to f r = f m . To achieve this desired frequency change, the equivalent rotor speed at which the rotor of the VFT should be driven by dc motor drive is
The reference (N * r ) and actual (N r ) speeds are compared, and the error, e a , is processed through the PI controller to generate the necessary armature voltage (V * A,1 ) for the armature controlled dc motor drive (shown in Stage-I of Fig. 5) . Once, the mean of absolute speed error (e a ) goes below 1 rev/min, S 1 becomes low and S 2 becomes high as shown in the flow chart given in Fig. 6 . Thereafter, high state of S 2 enables the next stage of hierarchical control.
B. Stage-II: Phase Angle Matching
Subsequent to the frequency matching, the next objective is to achieve the phase angle matching between v r,abc and v m ,abc . 6 ).
After frequency and phase angle matching are completed, the CB2 closes to establish the connection between both the networks through VFT. Subsequently, S 3 goes high to enable the power transfer controller.
C. Stage-III: Power Transfer Control
Actual power transfer (P VFT ) from PN-I to PN-II is measured on the stator side of VFT and compared with the reference power (P * VFT ). The error is passed through the PI controller to generate the necessary armature voltage (V * A, 3 ) and thus to control the torque developed by the dc motor drive (T dc ). The torque produced by dc motor drive dynamically adjusts the angle ε to achieve the desired load angle δ that makes P * VFT = P VFT as per (7).
The reference armature voltage (V * A ) for the dc motor drive is expressed as follows:
During the power transfer control, any change in the networks frequencies forces the rotor to adjust its speed according to (17).
D. SDBR-Based Fault Ride-Through Control
The SDBR control and fault detection is integrated in the hierarchical control strategy as shown in Fig. 6 . When the grid fault occurs, the power transfer control should saturate at its prefault value to avoid rotor acceleration in response to fault conditions. This is achieved by forcing S 3 = 0 to keep the corresponding PI controller output at its prefault value. Whereas, the command S 1 = 1 (frequency matching loop) is reissued during the fault to damp out the rotor oscillations by controlling the torque of the dc motor drive. Simultaneously, there is a need to insert a suitable combination of resistors in the SDBR that prevent the fault propagation from the faulted network to the healthy network. This is obtained using a two-dimensional (2 D) lookup table based on VFT current and fault voltage magnitudes. The output of the lookup table is status of switches Sw 1 , Sw 2 , and Sw 3 that inserts a appropriate combination of R 1 , R 2 , and R 3 . The switches Sw 1 , Sw 2 , and Sw 3 of each phase are simultaneously controlled for balanced faults while they are controlled independently for each phase during the unbalance faults. After the fault is cleared, the power transfer controller is reactivated to maintain the power transfer control by giving the control signals S 1 = S 2 = 0, S 3 = 1. The coordination between the three stages of the proposed hierarchical control and the proposed SDBR control is shown in Fig. 6 .
VI. REAL-TIME HARDWARE IN-LOOP VALIDATION
The proposed hierarchical control strategy and SDBR scheme for the VFT are verified using a real-time HIL implementation. The control algorithm is implemented in the digital signal processor (DSP) board, DS1103 from dSPACE at a step size of 50 μs. The plant (VFT test system and SDBR scheme) is emulated using the OPAL-RT real-time simulator. The communication between the controller and the plant is carried out through ADC and DAC ports of DS1103 and OPAL-RT.
Due to high torque requirement by the VFT system during low speed operations, a geared dc motor with a mechanical gear of ratio 1:10 is used instead of a conventional dc motor. The use of geared dc motors can significantly reduce the size of the dc motor during the actual applications of VFT. The system specifications and the machine parameters of VFT test system are given in Table I .
A. Performance during Normal Operating Conditions
The performance of VFT system during the three stages of proposed hierarchical control is shown in Figs. 7-9 . All the results are given in per unit values with 1 div = 1 p.u. changes to S 1 = 0 and S 2 = 1 (Zoom1). In Stage-II, the phase angle matching of v r,a and v m ,a is performed. To match the phase angles of both the voltages by changing the instantaneous rotor position of VFT, the speed of dc motor drive temporarily deviates from its reference speed. This operation can be seen from the temporary variations in N r and the power handled by the dc drive (P dc ). The successful matching of frequencies and phase angles of v r,a and v m ,a can be observed from Zoom2 (just before time t 2 ). Stage-II ends at t 2 where the status of commands S 2 and S 3 are changed to S 2 = 0 and S 1 = 1 and The dynamic response of VFT during sudden changes in power transfer command (P * VFT ) is shown in Fig. 8 . Initially, P * VFT is set equal to zero, and at t 3 , it is changed from 0 to 0.85 p.u. It can be noticed that P s and P r reach the steady state (P s = P * VFT ) within 3 s. Further to check the response of VFT during power reversal, P * VFT is changed from 0.85 to −0.85 p.u. at t 4 . It can be observed that VFT reaches the new steady state within 3 s in this case as well. Note that, due to the active power loss in VFT there is a small difference between P s and P r during the steady state. The active power supplied/absorbed by the dc drive is governed by the direction of power transfer and it is observed around 0.5-0.7 p.u. (around 0.012-0.015 p.u. on VFT power base).
The expanded view of steady-state results for P * VFT equal to 0.85 and -0.85 p.u. is shown in Fig. 9 in Zoom1 and Zoom2, respectively. In Zoom1, it can be noticed that the stator current i s,a is nearly in-phase with stator voltage v s,a as the power is being transferred from PN-I to PN-II. Whereas in case of reverse power flow (Zoom2), i s,a is noticed to be almost out-ofphase with v s,a . The change in Q S and Q r with the change in P * VFT (in Figs. 8 and 9 ) represents their uncontrolled nature as discussed in Section III-B. Due to this, the stator current (i s,a ) magnitudes are different for the same amount of active power flow in both directions. Note that the difference between Q S and Q r is almost constant as per (13) and is equal to the reactive power absorbed/required by VFT (Q m ). 
B. Fault Ride-Through Performance
The behavior of VFT without any additional FRT mechanism, during the three-phase grid fault at PN-II is shown in Fig. 10 Prior to the grid fault, the system is under steady state with a power transfer of 0.85 p.u. from PN-I to PN-II. A significant voltage dip in both PCC-II (v m ,abc ) and rotor (v r,abc ) voltages and sudden rise in stator current (i s,abc ) can be noticed during the grid fault condition. The rise in stator current signifies that the fault in the rotor side (PN-II) is propagated to the stator side (PN-I). The fault current in PN-I reaches 5 p.u. which may cause threat to PN-I security and reliability. Moreover, the large oscillations introduced in the rotor speed (N r ) during the grid fault causes the sustained mechanical vibrations that may destroy the WRIM and dc motor bearings.
The fault propagation from the stator side to rotor side during a grid fault on stator side (PN-I) is depicted in Fig. 11 . It can be noticed that the rotor current rises 5 p.u. during the fault without SDBR protection. This signifies the fault propagation from PN-I to PN-II.
To avoid such high fault currents and mechanical stress due to fault propagation, the SDBR protection scheme shown in Fig. 4 is designed (explained in Section III). The set of specifications considered during the SDBR design are: V fault min = 0.1 pu, V fault max = 0.9 pu, P rated = 0.85 p.u, k = 1.1 and V r min = 0.9 pu. The values for R SDBR max and R SDBR min calculated using (14) and (15) The performance of VFT with the proposed SDBR scheme during three-phase to ground fault on PN-II is shown in Fig. 12 . Due to the activation of SDBR scheme during the three-phase fault, the rotor voltage (v r,abc ) is restored to the nominal level and the stator current (i s,abc ) is restricted to the maximum rated current. As the activation of SDBR does not allow the stator current to reach high value, it prevents the fault propagation through the VFT. The oscillations in the speed are also reduced with the SDBR and are damped out due to the presence of mechanical inertia and opposing torque produced by the dc motor drive.
The performance of VFT with the proposed SDBR protection scheme during the three-phase to ground fault on the stator side (PN-I) is depicted in Fig. 13 . It can be observed that the grid fault on the stator side causes a sudden dip in stator voltage, v s,abc . During this condition, the insertion of the SDBR series resistance on the rotor side brings down the v r,abc without affecting v m ,abc . This restricts the flow of fault current through the VFT to a nominal level as noticed from i r,abc . Note that the rise in i r,abc immediately after the fault clearance is mainly due to the sudden change in stator flux caused by the abrupt recovery of stator voltage.
The satisfactory performance during the steady-state, dynamic, and grid fault conditions proves that VFT with proposed SDBR scheme and hierarchical control strategy is a potential contender for the application of controlled power transfer between two asynchronous power networks.
VII. CONCLUSION
This paper presents a new hierarchical control strategy to control the VFT during normal and FRT operating conditions. This paper further investigates the possible fault propagation issue through VFT from one network to another. The SDBRbased FRT scheme has been proposed for VFT to mitigate the fault propagation. The detailed working principles of the VFT, all the stages of hierarchical control and FRT operation are verified using the real-time HIL system.
The detailed results under three stages of the proposed hierarchical control (frequency matching, phase angle matching, and power transfer control) during steady-state and dynamic conditions prove its comprehensiveness. The satisfactory results in limiting the fault propagation through VFT during the grid faults validate the effectiveness of SDBR protection scheme. In summary, along with the power transfer control function of VFT, added capability to limit the fault propagation and inherent natural damping capability will make VFT an ideal solution for the interconnection of micro grids in the future power systems.
